We study lepton-flavor violating slepton production and decay at a future e + e − linear collider in context with the seesaw mechanism in mSUGRA post-LEP benchmark scenarios. The present knowledge in the neutrino sector as well as improved future measurements are taken into account. We calculate the signal cross-sections σ(e ± e − → l ± β l − αχ 0 bχ 0 a ); l δ = e, µ, τ ; α = β and estimate the main background processes. Furthermore, we investigate the correlations of these signals with the corresponding lepton-flavor violating rare decays l α → l β γ. It is shown that these correlations are relatively weakly affected by uncertainties in the neutrino data, but very sensitive to the model parameters. Hence, they are particularly suited for probing the origin of
Introduction
One of the main virtues of experiments at an e + e − linear collider (LC) is the clean environment allowing studies of the production and decay of new particles with low background.
This not only enables precision measurements of particle properties, but also searches for very rare processes and small effects. An important example of this kind is lepton-flavor violation (LFV) as suggested by the experimental evidence for neutrino oscillations [1, 2] and expected particularly in SUSY models. Phenomenological investigations have indicated how tests of LFV at a high-energy LC could nicely complement searches for lepton-flavor violating rare decays such as µ → eγ. Previous work [3] has mainly focussed on slepton-pair production assuming two-generation slepton mixing. LFV in chargino-pair production was analyzed in [4] together with a detailed background analysis. Recently, it was shown in a rather model-independent analysis [5] by scanning over all possible soft SUSY-breaking terms consistent with the existing low-energy bounds that LFV in the above processes may be quite sizable, leading to final states with a pair of charged leptons of unequal flavor, missing energy, and possibly additional leptons and jets.
In supersymmetric theories with heavy right-handed Majorana neutrinos, the seesaw mechanism [6] can give rise to light neutrino masses at or below the sub-eV scale. Moreover, the massive neutrinos affect the renormalization group running of the slepton masses, which leads to mixing of different slepton flavors. In the present article we investigate the implications of recent neutrino measurements on this mixing, extending our previous analysis of the radiative decays l α → l β γ in the SUSY seesaw model [7] to the lepton-flavor violating processes e ± e − → l ± β l − αχ 0 bχ 0 a involving slepton-pair production and subsequent decay. We again use the mSUGRA benchmark scenarios proposed in [8] for LC studies, concentrating on those which predict charged sleptons that are light enough to be pair-produced at the center-of-mass energy √ s = 500 GeV. Furthermore, we examine the most important background processes and indicate the most promising lepton-flavor violating channels. The fact that in the benchmark models considered LFV occurs only in the left-handed slepton sector makes the separation of signal and background more difficult than in models with LFV in the right-handed sector. Therefore, our choice of models provides good study cases for developing search strategies. Finally, we work out the correlations between LFV in the high-energy e ± e − collisions and the radiative lepton decays, and show that these correlations are relatively weakly affected by the uncertainties in the neutrino data, but very sensitive to the mSUGRA parameters. Consequently, they could play an important role in probing the class of models of LFV studied here.
The paper is organized as follows. In section 2 we briefly outline the SUSY seesaw mechanism and discuss the slepton and neutralino mass matrices. Section 3 summarizes our analytic results on the helicity amplitudes for slepton-pair production, e ± e − →l ± jl − i , and slepton decay,l
a , and provides the cross-section formula for the complete 2 → 4 processes e ± e − → l ± β l − αχ 0 bχ 0 a . The fundamental parameters of the mSUGRA benchmark scenarios as well as the neutrino data used in our numerical analysis are specified in section 4.
In this section we also present our predictions on the signal cross-sections, while the estimates of the background and the effects of energy and angular cuts are given in section 5.
The prospects for LC searches anticipated on the basis of our analysis are summarized in section 6.
2 Lepton-flavor violation in the charged slepton sector
Supersymmetric seesaw mechanism
In supersymmetric models the existence of right-handed neutrino singlet fields with Majorana mass terms and Yukawa interactions gives rise to the well-known seesaw mechanism, provided the Majorana mass scale M R is much higher than the scale v = 174 GeV of electroweak symmetry breaking. At energies below M R the relevant term in the effective superpotential is given by [9] 
where L denotes the left-handed lepton doublets, H 2 the Higgs doublet with hypercharge
, and Y ν the matrix of neutrino Yukawa couplings. After electroweak symmetry breaking, the Yukawa couplings generate the Dirac mass matrix m D = Y ν H θ W being the weak-mixing angle, and µ the SUSY Higgs-mixing parameter. The contributions to the first terms on the r.h.s. of (6) -(8) are indicated below:
Here, (δm 2 L,R ) MSSM and δA MSSM denote the usual MSSM renormalization group corrections [10] which are flavor-diagonal. In addition, the right-handed neutrinos radiatively induce the flavor off-diagonal terms δm L,R and δA. In leading logarithmic approximation 1 , one
1 The exact one-loop renormalization group equations may give somewhat different results as pointed out in [11] and studied in more detail for lepton-flavor violating processes of interest in a forthcoming article [12] . For consistency with the results on radiative decays, derived in [7] and used in the present analysis, we restrict ourselves here to the approximation (12)- (14) . 
with
M 1 being the U(1) and M 2 the SU(2) gaugino mass. The abbreviations s φ = sin φ and c φ = cos φ introduced above will be used throughout the paper.
The neutralino mass eigenstates are given by
where N is the unitary matrix diagonalizing M ψ :
and mχ0 a , a = 1, ..., 4 are the mass eigenvalues. Finally, the Majorana spinors for the neutralinos are composed of the Weyl spinors (22) as follows:
Amplitudes and cross-sections
The flavor mixing in the slepton sector induced by the heavy neutrinos as outlined in section 2.2 gives rise to the lepton-flavor violating processes e ± e − →l ± jl
More specifically, in these processes LFV is caused by the slepton mixing matrix Ul in (19) , which enters both the slepton production and the decay vertices. As a consequence, factorization in production cross-section times branching ratios is not appropriate. One rather has to coherently sum over the intermediate slepton states. In the following, we summarize our analytical results on the amplitudes and cross-sections for the above processes. The detailed calculations have been carried out in [16] and [17] .
The lepton-flavor violating vertices
The lowest-order Feynman diagrams for the processes under consideration are shown in Fig. 1 and Fig. 2 with the particle four-momenta being defined in brackets. While the γl + il − i vertex appearing only in Fig. 1 is flavor-diagonal, LFV occurs in both the Zl
and
respectively. Here,
(1 ∓ γ 5 ) are the left-right projectors, while the matrix elements N ab are defined in (22) , and U iα in (19) . The l 
Helicity amplitudes for slepton production and decay
Although we will not consider e ± -beam polarization in the subsequent numerical analysis, we nevertheless present here the helicity amplitudes for future studies of polarization effects.
In comparison to the slepton and neutralino masses, and to the cms energy of a LC the masses of the initial and final state leptons can be neglected in the kinematics. In terms
for the production process e + e − →l + jl − i are then given by
Analogously, the helicity amplitudes M ij (h e − , h e − ) for e − e − →l − il − j read:
Furthermore, for the decayl
) summed over the helicity of the neutralino are given by
From these one can obtain the helicity amplitudes M 
Cross-sections
Having the amplitudes at hand it is straightforward to derive the cross-sections for the complete 2 → 4 processes
a . For the square of the amplitudes summed over all possible intermediate slepton states one finds
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Here, we have used the narrow width approximation for the slepton propagators, which is well justified since the slepton widths Γl i are of order GeV or less, that is much smaller than the slepton masses of order 100 GeV. For the product of two slepton propagators, this approximation yields (see, e.g., [3] )
Moreover, for such small slepton decay widths one can also neglect the interference between identical outgoing neutralinos, as we have checked numerically.
Integrating over the slepton momenta squared p 
one can express the differential cross-sections in the form
As one expects on general grounds, for large mass differences, ∆m 2 ik ≫ mΓ ik , the factors C ik in (33) approach δ ik . Consequently, the coherent sum in (37) reduces to an incoherent sum over products of production cross-sections times branching ratios:
Previous studies often used only generic slepton masses and widths. In the present analysis the slepton decay widths Γl i are actually calculated for each of the mSUGRA benchmark scenarios, including the effects of LFV. This is important for consistent phenomenological studies.
4 Numerical results
SUSY and neutrino parameters
Similarly as shown in [7] for the radiative decays
depends very sensitively on the SUSY scenario and on the neutrino masses and mixings.
The choice of models and the neutrino data are already described in some detail in the article mentioned above. Therefore, it suffices here to briefly specify the input parameters used in the following numerical analysis.
Again, we choose the mSUGRA benchmark scenarios proposed in [8] for linear collider studies. In these set of models the universal trilinear coupling parameter A 0 is assumed to vanish and, hence, LVF only occurs in the left-handed slepton sector as can be seen from (12)- (14) . For this reason, we focus on those scenarios which lead to sufficiently light sleptons, so that the production of slepton pairs containing a large admixture of at least one left-handedl L component is possible at √ s = 500 GeV. Table 1 : Parameters of the relevant mSUGRA benchmark scenarios (from [8] ). The sign of µ is chosen to be positive and A 0 is set to zero. Given are also the mass and total width of the heaviest charged slepton and the mass of the lightest neutralino.
Most likely, at the time when a linear collider will be in operation, more precise measurements of the neutrino parameters will be available than today. In order to simulate the expected improvement, we take the central values of the mass squared differences 
The fit [18] is not the latest one, but still valid within the present uncertainties. It is taken for consistency with the results derived in [7] and used in the following. The CP-violating Dirac phase δ is very difficult to measure and hence we allow it to vary in the full range
Furthermore, we consider both hierarchical and quasi-degenerate spectra of light neutrinos. The case of neutrino masses that are too light for an absolute mass measurement, is described by
For m 1 ≪ m 2 ≪ m 3 , the combination Y † ν Y ν , entering via (17) the renormalization group correction (12) to the slepton mass matrix, can be approximated by
For the quasi-degenerate case we take
Since in this case m 1 ≫ ∆m 
The Majorana mass M R is kept as a free parameter and is only constrained by the requirement that Y ν should stay small enough for perturbation theory to hold. Other open channels such asτ τ lead to more complicated final states which are not considered here. As a rule of thumb, for an integrated luminosity of 1000 fb −1 , the goal at an e + e − LC such as TESLA, the cross-section should be larger than 10 −2 fb for a signal to become observable. A few comments concerning the main features of this plot are in order. Similarly as the branching ratios Br(l α → l β γ) [7] , the cross-sections exhibit the typical proportionality to
Predictions for
where the s-and t-channel contribute. Furthermore, in contrast to the branching ratios of the radiative decays, the cross-sections saturate for large M R . This saturation is seen most clearly in the µ + e − channel. It can be understood by realizing that for large M R the mass differences of the sleptons with a dominant left-handed component become comparable to the corresponding slepton widths.
As already mentioned, in this case the cross-sections can be approximated by the incoherent sum (38). Focussing on the eµ channel, the dominant contribution is determined by thẽ e L -μ L mixing angle or, more precisely, by
where the second equality follows from (6), (9) , and (12) if the lepton masses are neglected. Using (43) one then sees that tan 2θ eµ and thus also the cross-sections are independent of M R . In the τ + µ − channel the saturation is less pronounced due to effects of the heavier τ mass which dominate the denominator in the expression analogous to (46), except for very large values of M R . The finite τ mass is also responsible for a suppression of all channels with a τ lepton in the final state relative to the µe channel.
Finally, the impact of the neutrino uncertainties is weaker in the , respectively, as can be seen in (43) and (45) for i = j. Given the uncertainties in θ 13 , the two terms can become similar in magnitude and cancel depending on the unknown phase δ. The same holds for the τ e channel. Since this channel is unfavorable because of the τ mass suppression pointed out above and the comparably large MSSM background, we will concentrate on the µe and τ µ final states.
The corresponding cross-sections for the higher cms energy √ s = 800 GeV are plotted in Fig. 4 . Here, the scenario I being unaccessible at 500 GeV is included. This figure illustrates the range of cross-sections which can be expected in the benchmark models specified in Tab. Fig. 3 it also indicates the energy-dependence of the signals.
Together with
We now turn to a particularly interesting subject, namely the correlations between the cross-sections σ(e ± e − →l ± jl
a ) and the branching ratios Br(l α → l β γ). This correlation is illustrated in Fig. 5 for e + e − → µ + e − +2χ 0 1 at √ s = 500 GeV and µ → eγ. For M R < ∼ 10 13 GeV, corresponding roughly to Br(µ → eγ) < ∼ 10 −13 [7] , this correlation is so accurate that the neutrino uncertainties drop out almost completely. Only for larger values of M R the correlation gets lost because of the saturation of the cross-sections explained above which sets in at different values of M R depending on the precise values of the neutrino parameters. Fig. 6 shows the analogous relation between σ(e + e − → τ + µ − + 2χ if µ → eγ will not be detected at PSI, one does not expect an observable µe signal at a 500
GeV LC either. In model C, the above branching ratios imply σ(e + e − → µ + e − +2χ 0 1 ) < 1 fb and ≈ 6 · 10 −3 fb, respectively.
Analogously, from Fig. 6 one concludes that the present bound Br(τ → µγ) < 6 · 10 −7
[21] provides the weak constraints σ(e + e − → τ + µ − + 2χ 0 1 ) < 10 fb at √ s = 800 GeV for model B, C, and G, and < 2 fb for model I. More importantly, also the sensitivity goal Br(τ → µγ) ≈ 10 −9 of future searches [22] will not rule out sizable LC cross-sections,
2) fb in scenario C (B and G). In fact, in the τ µ channel LC experiments may reach farther than the τ → µγ experiments planned in the future. At any rate, here we have a nice example for the complementarity of low and high-energy searches.
In principle, one has such correlations also in channels which differ in flavor. This is exemplified in Fig. 7 for σ(e + e − → τ + µ − + 2χ For completeness, we have also studied the prospects for e − e − collisions. Fig. 9 shows 2 ) and Br(µ → eγ) is plotted in Fig. 10 for the same scenario C. We see that the cross-section permitted by the present bound on µ → eγ lies in the range of 1-10 fb which would make the detection rather easy. In this figure, we also show the prediction for a degenerate neutrino spectrum. Generally, both the LC cross-sections as well as the radiative branching ratios tend to be smaller for degenerate than for hierarchical neutrinos. This reduction comes from the suppression of the lepton-flavor violating terms in (45) by the neutrino mass m 1 which sets the absolute mass scale. However, the correlation between cross-sections and branching ratios is found to be more or less independent of the absolute neutrino mass scale.
Background processes
After having discussed the lepton-flavor violating signals leading to the channels l β l α + / E we turn now to the lepton-flavor conserving standard model (SM) and SUSY background. For the dominant SM reactions we also illustrate the efficiency of angular and energy cuts in reducing this background. The SUSY background processes are calculated in the respective mSUGRA benchmark scenarios without cuts. We are going to assume that at the time these searches for LFV will be performed, SUSY has already been discovered and the lighter sparticle masses and main decay channels are known. In this case, one will be able to design very specific cuts optimized to each channel of interest. Under this assumption our estimates indicate that it should be possible to reduce the SM and SUSY background sufficiently and detect some of the signals considered, provided the Majorana scale M R is not much smaller than 10 13 GeV. However, more conclusive statements on the feasibility to discriminate signal from background require detailed simulations which are beyond the scope of this paper.
Background in e
In the SM, the dominant background in the channels e + e − →l + jl
is produced by the following lepton-flavor conserving processes:
These have been estimated with the help of the COMPHEP program package [23] , including the following kinematical cuts:
ii) lepton-energy cut:
iii) missing-energy cut: 2mχ0
The angular cut i) partially eliminates the large contribution from t-channel photon exchange (B2), and also small-angle W (B1) and τ (B3) production. Since the angular distributions of the decay leptons from the heavy sleptons are relatively flat, the signal rates are thereby reduced by less than 10%. Then, knowing the slepton spectrum and the LSP mass, one can impose the cuts (ii) and (iii) requiring the lepton energies and the total missing energy to lie in the intervals corresponding to the decayl → lχ 0 1 . Since one is dealing with a coherent process, the intermediate slepton flavor is not known. Therefore, E min (E max ) is defined as the minimum (maximum) of the decay energies kinematically allowed for any slepton flavor:
The SM background cross-sections that remain after these cuts are summarized in Tab. 2. i+ii+iii, I 3.6 i+ii+iii, I 4.8 Table 2 : Cross-sections for the SM background in e + e − collisions including cuts as explained in the text.
be achieved by applying the standard selectron selection cuts [24] on the acoplanarity, lepton polar angle and missing transverse momentum. It has been shown that in this way the SM background to slepton-pair production can be reduced to about 2-3 fb at √ s = 500 GeV, while the signal cross-section shrinks only by a factor 3. It should be noted that suppression of the W -pair background by right-handed electron polarization is not an option here, since in the mSUGRA scenarios considered LFV occurs only in the left-handed slepton sector, and thus right-handed polarization would also kill the signal.
In the MSSM, the main background processes are . However, such events typically contain two neutrinos in addition to the two LSPs which are also present in the signal events. Thus, after τ decay one has altogether six invisible particles instead of two, which should allow to discriminate the signal in µ + e − + / E also from this potentially dangerous MSSM background by cutting on various distributions.
In seesaw models the process
via neutrino exchange is highly suppressed due to the very small admixture of the heavy Majorana neutrinos in the light neutrino eigenstates [25] . The analogous argument holds for the SUSY version of this process, i.e. chargino-pair production via t-channel sneutrino exchange. The main background processes leading to the final state e − e − → µ − e − + / E are single W − production (cf. B2), charged slepton-pair production (cf. B5), and single chargino production (cf. B7).
The SM background e − µ − ν eνµ originating mainly from single W − production is estimated in Tab. 4 including the cuts (i)-(iii) explained in the preceding subsection. As can be seen, the cross-sections are bigger and the cuts are less efficient than in the e + e − case. Moreover, contrary to what we have found for e + e − collisions, the situation at √ s = 800 GeV is somewhat worse than at 500 GeV due to the increase of single W − production with energy.
The total cross-sections for the MSSM background processes are summarized in Tab Table 3 : Cross-sections in fb for the MSSM background in e + e − collisions at √ s = 500 GeV and 800 GeV. The second column specifies the important production channels. In scenarios C and I the cross-sections are below 0.01 fb at √ s = 500 GeV and are therefore omitted.
Otherwise, cross-sections below 0.01 fb are denoted by 0. Kinematically forbidden channels are marked by a hyphen. 
Final state
√ s/GeV Cut σ/f b √ s/GeV Cut σ/f b e − µ −
Conclusions
We have studied the lepton flavor-violating processes e ± e − → i,jl
a at a future linear e + e − collider. As a theoretical framework we have chosen mSUGRA benchmark scenarios furnished with the seesaw mechanism assuming a Majorana mass scale in the range 10 11 GeV ≤ M R ≤ 10 15 GeV. Our analysis shows that for center-of-mass energies of 500-800 GeV, the signal cross-sections may be as large as 1-10 fb. The detailed predictions depend strongly on the SUSY parameters and on the neutrino masses and mixing.
Consequently, they are also strongly affected by uncertainties in the neutrino data.
On the other hand, the correlations between the high-energy cross-sections and the branching ratios for the corresponding rare radiative decays are expected to be less influenced by experimental errors in neutrino parameters. We have therefore investigated these correlations very thoroughly and find that they are the stronger, the smaller the branching ratios for the radiative decays, that is the lower M R . At M R smaller than 10 13 GeV the neutrino uncertainties play no role at all. The present bounds on µ → eγ and τ → µγ still allow sizable signals at a LC. If µ → eγ will not be observed at the new PSI experiment, the cross-section for e + e − → i,jl The overall discovery potential for LFV at a LC is slightly increased by performing searches in e − e − collisions in addition to e + e − collisions. 
